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1. Introduction

Ferinilab Experiments E772 and E789 are fixed target experiments with 800 GeV
protons incident on nuclear targets corresponding to a center-of-mass energy of /s ~
39 GeV. Measurements are made with a pair spectrometer which has a solid angle of a
few percent and operates at high luminosity with up to ~ 10'*(E772) or ~ 10'}(E789)
protons/spill. Our experimental program explores several types of nuclear medium
effects: the modification of quark and gluon structure functions by the nucleus, effects
on the production of vector mesons (e.g. J/¥ and T), and effects on the production
of D mesons. The latter is accomplished with the use of a new silicon vertex detector.
E789 alsc looks at the decays of B mesons including the decay to J/v¥ and searches for
the decays to two-charged particles (e.g. B — h*h™) but [ will not discuss this part of
our program in this talk.
I1. Structure Functions

The dominant processes involvad tn Drell-Yan (DY) and in vector meson production
are shown in Fig. 1. These processes provide information on the structure functions of
the struck partons, which give the probability for the parton involved to have a certain
fraction, z, of the nucleon momentum. The DY process involves the annihilation of a
proton beam quark (anti-quark) with a target anti-quark (quark). Unlike deep inelastic
lepton scattering whera one is sensitive to both the target quark and anti-quark structure
functions DY is primarily sensitive to the target anti-quark structure function in the
kinematic region of our experiment. For resonance production { J/¢ , 4’ , and T) the
dominant mechanism is that of gluon-gluon fusion which involves the product of the
beam and target structure functions.

The basic physical ideas behind a number of the common theoretical models for
the modification of structure functions by the nucleus can be illustrzted in fairly sim-
pie terms. [n the discussion that follows [ will look at the ratio of structure functions
between a heavy nucleus and deuterium, R(A/ D), versus target quark momentum frac-
tion, 2. A constant value of one corresponds to no nuclear effect. z, (z;) represents
the beam(target) parton momentum fraction and zz = z, - r..

i) Nuclear binding and Fermi motion'3:

[n principle nuclear binding will produce excess pions in the nucleus which would
carry off some of the nucleor momentum and thus cause a reduction in the apparent
momentum fraction of the quarks in the nucleon. This produces an effect in the ratio as
shown in Fig. 2a. However the pion has a valence anti-quark (which has a fairly hard
momentum friaction) while the nucleon has only soft (sea) anti-quark:.. Thus the excess
pions in a heavy nucleus might be expected to cause an increase of the ratio at large z
for the Deeli-Yan process which s primarily sensitive to the anti-quarks (Fig. 2b).

At large £ the nucleon structure function becomes eelatively small. However Fermi
motion in 4 nuclews can spread this distribution to produce a finite population near
t L. A ratio such ws shown in Firo 20 eenults.
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a loss of valence quark momentum. The resulting dependence of the ratio will then look
something like Fig. 2d. One simple model which produces such an increase of scale is
that of Close, Jaffee, Roberts, and Roas® where they introduce an increased confinement
scale that is proportional to the overlap of nucleons. The nucleon overlap is calculated
using different correlation functions and single-particle deusities. They then assume
that when two nucleons overlap their quarks prcpagate over a larger spatial domain
resulting in a corresponding increase in scale.
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Fig. 2. Schematic expectauions for different
EMC madels as labelad.
iii) Multi-qu irk clusters™:

Multi-quark clusiter models obtain a larger length scale by assuming a probability
(~ 16 - 30%) for nucleons in a nucleus to form six or more quark clusters. This should
produce the same kind of dependence on z in the ratio as does rescaling. However, as
shown in Fig. 2e, a relative enhancement near £ 1 should also be produced since one
quark can assume the momentum of a single nucleon or maore.

iv) Yhadowing:

Shadowing eefers to the depletion of low -momenturn parto-s (quarks and gluons) in
the rezion of - - 0.1, Clusieally the pame "shadowing™ cefer) to the ptienomena where
aanelear e= wsection ineredien with 4T where o Lo than one Thes would ocenr,
e in phoron reections when tie interior of the noaelen was shadowsd by a front
snrface which strongly mteract. wih the probe or i black However in the duacission
of stencture functions the term vosed to eefor anty to the low r region where the cross
soction per ouelean decreasen Fater than A4 (te oy 1) One sample explanation of
this phenamenon e that the low ropartons have a Leege spatind extert and theeetore
overlap and interact caarang o redetribation of there momenta TThe v preal effect of
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IIl. Reaction Dynamics

A number of reaction dynamics effects must be considered when studying these
high-energy reactions.!! Some of these are depicted in cartoon form in Fig. 3. For
the Drell-Yan process we expect to see some initial-state multiple scattering and energy
loss effects which will broaden the transverse momentum, pr, of the dimuon pair and
shift the effective zp of the interaction. In the case of resonance production, e.g. J/¥
production, other final-state effects enter and the situation is more complicated. A cé
or pre-J/y pair is formed in an almost point-like interaction and then must spread out
for a considerable distance (e.g. 5-10 nuclear radii) at v/hich it achieves a separation
distance corresponding to the J/y diameter and it hadronizes. The actual distance of
course depends on both the zp at which it is priuduced and differs according to what
meson is produced. Ip addition a aplash of low-energy 7's, p's, and nucleons is created
by the incident beam quarks. Some of these can be co-moving with the pre-J/vy, i.e.
have small relative velocity with respect to the pre-J/¢. Thae pre-J/¢' can then be

multiple scattered or can be dissociated by the co-movers, e.g. J/¢+V - C + D+ X.
The pre-J/¢ can also be dissociated by the nuclear medium directly, however since
the co-movers can continue to interact well outside of the nuclear volume they may in
principle have a more important effect.
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are stripped off on the black nuclear surface according to A*/3. This leaves a spatially
small eZ which can then readily penetrate the nucleus and become a J/y. An analogous
process involving intrinsic beauty could cnntribute to T production. These processes
could then cause an A%3 dependence in the ratio at large zr where they would be
expected to provide the dominanmt contribution to the cross section.
IV. Experiment E772!3

Fermilab E772 measures the A-dependence of the Drell- Yan process and of resonance
production at a c.m. energy of ~ 39 GeV by colliding 800 GeV protons with fixed nuclear
targets. By measuring the momenta of the muon pair o2 can then calculate the beam
parton and target parton momentum fractions. For the DY process the differential cross
section is related to the structure functions by,

l 8ro’ 2 a - . .
aaias = K@ ar) o s TR @) Fi) + R0 Fim))

where z,(r.) is the beam (target) quark momentum fraction and F/(F]) is the quark
(anti-quark) structure function with 7 = 1,2 corresponding to beam, target, and where
the sum over 7 is over types of quarks. The K-factor in front of this expression represents
QCD corrections and is ~ 2; however the cross-section factorizes!* so that this factor is
constant over the quark momentum fraction. Thus in our experiment, which for the DY
process involves almost exclusively the product of the beam quark and target anti-quark
structure functions, the cross section is a direct measurement of this structure function
product.

The detect.r used at Fermilab for E772 is shown in Fig. 1. Drell-Yan crass sections
in the 3 < M, .,- < 16G.V region are only a few pb's/Gel”. However this detector
has good acceptance for u*u~ pairs (= 5%) and can handle a very high rate of protons
on target (up to 2 x 10'%*/spill). The portion of the 800 GeV protons which does
not interact in the target is absorbed in the beam dump contained within the first
magnet. Produced muon pairs are analyzed by two large magnets with a total pr-
kick of about 6 GeV. A copper/carbon/polyethylene absorber near the rear of the first
magnet protects the detectors downstream of the first magnet from low energy particles
from the target, beam dump. or magnet walls. Several sets of scintillator hodoscopes
and wire chamber or Jrift chamber planes throughout the rest of the detector accurately
determine the momenta of the two muons. A calorimeter and a thick absorber assure
that only muons penetrate through to the rearmost planes of detectors which then
provide a clear muon identification. The measured momenta and the track angles are
then used to reconstruct physics quantities. The resulting mass spectrum is shown in
Fig. 5. In addition to the Dre!l-Yan continuum we also see the J/¢ and ¢' peaks
near the lower end of the acceptance and several T peaks near the high end. For th:
Drell-Yan results that will be shown throughout the rest of this paper only the eross-
hatched areas (4 - M - 2 and M - 11 GeV) will be used in order to avoid systematic
errors related to peak determination for the resonanees. The data obtained for the theee
settings of the magnets is summarized in Table I as are the itateitical uncertainties for
the Drell Yan data obtained for the Jitferent £y bins covered by the experiment. Of f.h--
670k totad dirmon events there are 0308 Dreell-Yan pours, tO0k o0 0 12k o ':-‘. and
20k Y Carelul and revbundant hearmn montorineg, bareet thockness detertnmations, aned
Frequent, target interchanese pesalted inoa total ytematie errar of less than 207
V. A-dependence of Dreell-Yan
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TABLE I - E7T72 DATA SUMMARY

Magnet Setting TKJ(;#;;‘)) Targets Proton Flux Dimuon Events
Low mass 4.8 GeV Fe/Ce/LD, 6 x 10'® 170 k
W/C/LD, 2 x 10' 70 k
Medium mass 6.5 GeV Fe/Ca/LD, 2.4 <« 10" 280 k
wW/C/LD, 0.9 x 10" 110 k
Figh mass 9.1 GeV Fe/Ca/LD, 1.5 x 10 40 k
TOTAL 5.6 » 10" 670 k

Statistical Errors in Drell-Yan Cross Section Ratios for Various z; Bins (zp > 0)

Target 0-005 005-0.1 0.1-0.15 0.15-02 02-025 0.25-03
Ca,Fe 1% < 1% 1% 2% 5% 12%
c,w 2% 1% 2% 4% 10% 24%
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panel. The depletion in the shadowing region for the EMC data is apparently
stronger than that seen in our data. However it is difficult to make a direct com-
parison since this EMC data in the shadowing region corresponds to Q%’s between 4
and 14 GeV'? while the E772 data corresponds to Q% above 16 GeV?. For our Fe/*H
ratio we compare with specific model calculations obtained from Hwang, Moss, and
Peng.'® The pion excess model uses a g} = 0.6 and badly misses the data. The quark
cluster calculation which follows the model of Carlson and Havens’ and uses a 6-quark
cluster probability of 15% also badly misses the data. Only the rescaling model agrees
at all with the data. The disagreement for £ < 0.1 can presumably be fixed by adding
in a depletion due to shadowing.
V1. A-dependence of Resonance Production

The mass dependence of the ratio of integrated cross sections (summed over z,; and
pr) for resonance production from E772 is shown in Fig. 7. Also shown for comrparison
is the Drell-Yan data whose total cross section has no mass dependence and lies on the
horizontai line at R = 1. All the resonances shown have a strong A-dependence with
the lighter resonances (J/¢ and ¢') having the strongest suppression with mass. A
simple fit of the form R = A" has been done to the resonances (with the J/¢ and ¢’ fit
together and the T's fit together). The resulting a’s are 0.96 for the T and 0.92 for the
J/# and ¢¥'. Although scme of this A dependence could be caused by a modification of
the gluon structure function in nuclei it seems likely that most of it caused by nuclear
effects in the final-state such as those described in Section III.

12 T T T D S B O 0 2 1 At e L o oot T T _'_"E
. LY [ [0 E572 - W/D R GV
r;:;-::;!‘@((q Ca K W | I
14 - é T |
L0 Lﬂ—}f—‘ - S Lt ? T=w .
g ’ -—-'i .. o - . .@ I JI
= AL Ha - r "6 % %y !
08w )b | . 209 —-[L - p
< § ot [ } -
< ] ?{ A% | ot !
= 07 ] ] 0B 171 4 :
i ; i
08 |r o "E or b !
L L
05 e ! . Eoeop——
L0 4 1.0 )
Moz GeW) . BoNAY S PN GV
01 e bl P O S U S S [.! o T W) HON GV .
o ; ton L e, '
1 , & RN W e BOD Geb
Ma o Number T (1R IMINARY) '
Fiz. 7. Nucleac-muis dependence of reso- I Tk
nance production compared to Drell-Yan for s o -
. B - [ ) ° .
the ratio from ETT2 0 For the T-18 and -25 ‘ .. * .
amd for the % o ! results of AT Bits are ) .
shown ' :
Fie, B rpdependence T T W andd T opren
Jtem e ETT2 wath prelinanary it Do
toadl aned newatave pp From FTRD
Phie rp dependence of o Tor pesonanes pradiction tearn ET720 a0 1789 00 Shosweno

P s New prelimomary ot Prorn our 199 5079 test rogn extend . the pabbobhed BovTe
. | v olata . pubh
data tor the oo sadue o rp of zero amd hedow Both the J ogand the 70 have o



stronger su,pprasion at zr =~ 0 and below. This suppression, as suggested by Brcdsky
and Vogt,!” may be caused by the comovers which might be expected to have a larger
overlap with a pre-meson when it is moving slower, as it would be in the small z¢ region.
At large zp the J/¢ shows an increasingly strong supp- ssion. Two different models
claim to explain this effect. One is the intrinsic charm ...odel of Brodsky, which was
mentioned earlier in this talk. The other is a2 simpler model from Gavin'® which explains
this behavior as resulting from energy loas effects in both the incident and firal state.
The basic idea behind this model can be understood in simple terms by considering
the zp distribution of the production proceas which is depicted schematically in Fig. 9.
When one goes from deterium to 2 heavy nucleus the additional energy loss can shift the
effective zp distribution towards smaller zy resulting in a ratio which falls with larger
zg as shown. A similar but smaller effect in the DY zp dependence resulting from only
the initial state is also explained within this model.
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to be able to create quark-gluon plasma for which such a suppression was predicted.?°
However it is clear that whatever effects are responsible for the suppression of proton-
nucleus J/¢ production may also play an important role in heavy-ion J/¢ production
and could explain most of the suppression seen with heavy-ions. Detailed comparisons
have been done in Refs..!!:!7

E789 is now running at Fermilab. One of the goals of this run is to determine the
A-dependence of D production and to compare to the results already obtained for J/¢
and T production. The standard mechanism for loss of J/¢’s due to interaction of a

pre-J /¢ with either the nucleus or comovers is dissociation into a D-D pair. In this
case the loss of J/¢’s would appareatly feed the production of D’s, tending to enhance
D production. However recent data from WAB82 for D-meson production suggests that
the A-dependence for D’s may be even stronger than that for the J/v.2! If this is true
ther it may be inconsistant to describe the main mechanism for suppression of J/+

production as dissociation to D-D pairs.
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As patt of the upgrade of our spectrometer for E789 we have installed a 16-plane
silicon multi-steip vertex detector just downstream of our experimental target. This
verten dotector can loecate the vertex of the detected do\rj.],y p.‘\.rti(‘_lo‘:y‘ (o',l,:. [V kK" .x )
to better than a millimeter in 7 Since the average decay distance of a 1) 15 about 3
e, and with avery thin target, 127 can be identitied by their downsteeam decays with
A typical officiency of 20%0 amd 4 prompt taeget diliadron cejection of 104 o bhetter, An
examnple of o prompt downstrearn 1) decay reconsteaeted in the sthicon vertexcdetector
obtaned during our 1990 test rten 1y shown e Fig T along with an invariant oo
spectram with aclear peak ab the 7)o of 186 GeV Doeng the test rur only N plane
af dlicon were operational The new data being taken now with 16 planesc ol aleon will



have correspondingly better efficiency for downstream decays and rejection of target
backgrounds. Our estimate is that we already have approximately 7000 reconstuctable
D'’s on tape (including efficiency losses) of which about 700 are from the Be target and
the rest from W. However it will take some time before we have our offline tracking
tuned up adequately for the new silicon configuration and are able to produce new
results including the A-dependence.

Another issue that our new data addresses is the content of the continuum in the
mass region below the J/¢. This is one of the regions where a signal from the quark-
gluon plasm could be evident. Preliminary results from our recent measurernents, as
shown in Fig. 12, indicate that this region is dominated by charm. Calculations of the
DY contribution, although somewhat unreliable in the mass region. show that the DY
contribution is negligable compared to our data. Tte charm contribution, which comes
from decay of a correlated D-D pair into di-leptoas via semi-leptonic decays, can be
directly determined by measuring the u®¢” ma.ss spectrum. We have done this and
find that essentially all the continuum in the 2 to 5 GeV region can be explained by
charm. The contribution from randoms in our experiment was found to be negligable.
These conclusions are based on a very recent analysis of a very small portion of our
data and will become more definitive as our analysis progresses. However it is already
clear that signatures of quark-gluon plasma via continuum di-leptons in the 2 to 3 GeV
mass region will be overwhelmed by charm decays.

VII. Summary

Precise measurements of the A-dependence of the Drell-Yan and of resonance (J/,
v, T) production have been made in Fermilab E772 and E789. The anti-quark structure
function is not affected by the nuclear medium up to z < 0.3 except in the shadow-
ing region at very small z (z < 0.1). Models which produce 2 significant anti-quark
enhancement or depletion for 0.1 < z < 0.3 are ruled out. Vector meson production
of J/¢, ¢', and T all exhibit a large supression in a heavy nucleus with the strongest
suppression for the J/v¥ and v'. This suppression is strongest for large zp and for zf
at or below zero. The integrated A-dependence yields an @ of .92 for the J/¢ and ¢/
and .96 for the T’s. It is not clear how to decouple structure and reaction mechanism
effects in order to extract the A-dependence of the gluon structure function. The pr
distribution is broadened for the J/¢ presumably due to initial-state effects. For the T
a more dramatic and complicated pr dependence is seen © * which no simple explana-
tion is known. J/v¢¥ suppression in proton- nucleus and in ~y-ion collisions probably
share common physical origins (e.g. initial and final-staie effects). Thus a clear un-
derstanding of proton-nucleus vector-meson production including more comprehensive
data will be essential in order to understand production in heavy-ion collisions ~nd to

~

look for effects .f a quark-gluon plasma.
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